[1] The mantle components that represent the source region of ocean island basalts (OIB) and feed hotspot volcanism are predicted to contain 160 6 20 (2 m ) ng/g Th, a heat-producing element. This critical model composition indicates that the OIB source region (OSR) comprises a significant amount of recycled oceanic crust and constitutes 19 þ3 À2 (2 m )% of the mantle by mass. The mass fraction of this reservoir supports a mantle architecture with a basal thermochemical layering at an average depth of 2000 6 100 (2 m ) km or two thermochemical piles that extend up to midmantle levels. The hotspot source described here generates 10 pW/kg of radiogenic heat and supplies 7.3 TW to the planet's total surface heat flux. Given that the silicate portion of the Earth produces some 20.4 TW of radiogenic power, with 7.2 TW derived from the continental crust, the mantle source responsible for mid-ocean ridge volcanism provides only 5.9 TW of radiogenic power (or <2 pW/kg). As a result, the source of hotspots generates >5x more radiogenic heat than the source of mid-ocean ridges, thus contributing to the energetics that drive mantle convection and potentially the formation of long-lived plumes via bottom heating of the modern mantle. The potential for a sequestered or unsampled mantle reservoir would impact the relative mass fractions of the source regions of OIB and mid-ocean ridge volcanism but not the compositional model of the OSR presented here.
Introduction
[2] The silicate portion of the Earth may be quantitatively defined by the continental crust (CC) and subcontinental lithospheric mantle, the mantle reservoir that produces mid-ocean ridge basalts (MORB), and the mantle source(s) that contribute to the generation of intraplate ocean island basalts (OIB). However, our understanding of the mantle's architecture remains poorly constrained. Geochemical and geophysical perspectives of mantle structure differ due to the inherent inconsistencies between what is measured in samples collected at the surface and what is modeled in the planet's interior. Geochemical studies require a multicomponent mantle and have traditionally favored a compositionally layered mantle structure in order to account for: [3] (1) The scale of elemental and isotopic heterogeneity observed in oceanic basalts and the distinct compositional characteristics associated with basalts derived from mid-ocean ridges versus those from intraplate hotspot sources [e.g., DePaolo and Wasserburg, 1976; O'Nions et al., 1979; Allègre et al., 1979] ;
[4] (2) Noble gas isotopic compositions, including He, Ne, Ar, and Xe, as measured in intraplate volcanics [e.g., Kurz et al., 1982; Allègre et al., 1983; Honda et al., 1991] ;
[5] (3) Geochemical and cosmochemical evidence for a ''hidden'' or unsampled mantle reservoir from trace element abundances [e.g., Rudnick et al., 2000] , 146 Sm-142 Nd isotopes [e.g., Boyet and Carlson, 2005] and rare gas systematics [e.g., Tolstikhin and ;
[6] (4) The mass balance of radiogenic heat production in the silicate portion of the Earth [e.g., Turcotte et al., 2001; van Keken et al., 2002; Jaupart et al., 2007; Arevalo et al., 2009] .
[7] Conversely, geophysical models implicate a well-mixed mantle based on seismic evidence for mass flux/exchange across the transition zone and as deep as the core-mantle boundary [e.g., Grand, 1994; van der Hilst et al., 1997; Ritsema et al., 1999; Zhao, 2001; Montelli et al., 2004] . Observations based on mantle seismicity also suggest significant lower mantle structure, as manifested by slow seismic anomalies identified beneath the central Pacific Ocean and southern Africa [e.g., Su et al., 1994; Breger and Romanowicz, 1998; Wang and Wen, 2004] ; ubiquitous compositional and/or thermal heterogeneity in the deepest 1000 km of the mantle [e.g., van der Hilst and K arason, 1999; Garnero, 2000; Trampert et al., 2004] ; and a variety of slab behaviors across the global transition zone [e.g., K arason and van der Hilst, 2000; Fukao et al., 2001; Grand, 2002] , including lithospheric slabs that appear to be locally inhibited from penetrating the 660 km discontinuity [e.g., Zhou and Clayton, 1990; Van der Hilst et al., 1991; Fukao et al., 1992] or lose resolution at midmantle depths [e.g., Wen and Anderson, 1995; van der Hilst et al., 1997; Ritsema et al., 2004] . As a result, traditional models of a strictly layered or uniform mantle architecture do not adequately satisfy all multidisciplinary requirements, and thus an alternative model of mantle structure is needed to reconcile all of the above observations.
[8] Based on seismological, dynamical, and chemical arguments, a number of hybrid models of mantle structure have been proposed in an attempt to unite both geochemical and geophysical observations. Notably, several studies [e.g., Wen and Anderson, 1995; Kellogg et al., 1999; van der Hilst and K arason, 1999; Anderson, 2002] have invoked a rendition of the stratified mantle paradigm, but with a diffuse, midmantle (e.g., !1000 km average depth) chemical boundary layer with substantial surface topography, a feature that is consistent with laboratory experiments of thermochemical convection in a fluid with stratified density and viscosity [e.g., Davaille, 1999; Davaille et al., 2003] and could explain the lack of unequivocal seismic evidence for this layering. The existence of large, low-shear velocity provinces in the lower mantle, commonly termed ''superswells'' or ''superplumes,'' beneath the central Pacific Ocean and southern Africa [e.g., Su et al., 1994; Breger and Romanowicz, 1998; Wang and Wen, 2004] , may represent the manifestation of this midmantle chemical boundary layer in the form of isolated thermochemical ''piles'' of material that may extend up to $1500 km from the core-mantle boundary [e.g., Tackley, 1998; Ni et al., 2002; McNamara and Zhong, 2005] . However, direct evidence for this proposed midmantle thermochemical boundary layer has yet to be unambiguously identified [e.g., Masters et al., 2000; Vidale et al., 2001] [9] The existence of multiple distinct mantle source regions has important mass balance implications for paradigms of modern mantle structure. Mid-ocean ridge basalts, which are derived from an upper mantle source (i.e., 200 km depth) [e.g., Forsyth et al., 1998 ], exhibit only limited ranges in radiogenic isotopic signatures (e.g., 87 Sr/ 86 Sr, 143 Nd/ 144 Nd, etc.) and are largely depleted in incompatible elements (i.e., D i sol/liq < 1, where D is approximated by the concentration ratio of element i in the solid to the liquid). Intraplate OIB, on the other hand, commonly sample one or more discrete deep-rooted hotspot sources (i.e., >660 km depth) [e.g., Montelli et al., 2004] , span a significantly wider range of radiogenic isotopic signatures [e.g., Zindler and Hart, 1986] , and tend to be enriched in incompatible elements [e.g., Sun and McDonough, 1989] . Although models inevitably vary due to sampling biases and differences in the statistical treatment of data, the chemical composition of the MORB source region has been well characterized due to the extensive number of submarine and dredge basalts available for analysis. In comparison, the source regions of OIB remain relatively unconstrained due to fewer samples available for chemical analysis at many OIB localities, greater diversity in trace element and isotopic signatures compared to MORB, and challenges/uncertainties in establishing near-primary (or parental) melt compositions.
[10] Mass balance in the silicate portion of the Earth obeys the following relationship:
where M represents the mass (in g) and X i the abundance (in mg/g) of element i in the bulk silicate earth (BSE), continental lithosphere (CL; including the crust and subcontinental lithospheric mantle), depleted MORB mantle (DMM), and discrete OIB source regions (OSR1, OSR2, etc. Zindler and Hart, 1986] , and we explore the implications of this model mantle composition with regard to the mass balance of highly incompatible elements (i.e., D i sol/ liq << 1), including heat-producing K, Th, and U.
[11] The model presented here is based on determining the abundances of Th in near-primary parental melts from a variety of OIB end-member localities, including HIMU-type Cook-Austral and St. Helena islands; EM(I)-type Heard, Tristan da Cunha, Gough, and Pitcairn islands; EM(II)-type Marquesas, Azores, Society, and Samoa islands; and for comparison, Hawaii, Galapagos, and Iceland, which produce dominantly tholeiitic volcanic products and generally do not record extreme radiogenic isotopic signatures (Figure 1 ). With regard to incompatible elements, the parental melt compositions established here are based on bivariate linear regression trends between the MgO contents of the lavas considered and their respective abundances of Th, the most highly incompatible element that is neither fluid mobile, such as the large-ion lithophile elements (e.g., K, Rb, Cs, Ba), nor sensitive to redox conditions, as for example multivalent W and U. The abundances of highly incompatible elements, particularly those with radioactive isotopes such as K, Th and U, in the sources of these hotspot basalts provide a unique geochemical window into the spatial and compositional characteristics of a potentially common OSR, including its size, chemical enrichment, and rate of radiogenic heat production.
OIB Source Characteristics
[12] The degree of heterogeneity observed in global OIB (Figure 1 ) has traditionally been interpreted to represent mixing between a finite number of mantle ''end-members,'' as defined by isotopic distinctions [e.g., White, 1985; Zindler and Hart, 1986] and trace element signatures [e.g., Sun and McDonough, 1989; Weaver, 1991] . However, some geochemical attributes are shared between the different flavors of OIB. Although exceptions occur, OIB are characterized commonly by (1) superprimitive (i.e., enriched relative to the unfractionated BSE) U/Pb, Th/Pb, and U/Th, and subprimitive Rb/Sr and Nd/Sm ratios [e.g., Gast et al., 1964; Gast, 1968; Schilling, 1973; DePaolo and Wasserberg, 1976; Tatsumoto, 1978] ; (2) superprimitive Nb/U and Ce/Pb ratios, similar to MORB but opposite the subprimitive values observed in the continental crust [e.g., Hofmann et al., 1986] ; (3) more highly radiogenic Pb than the BSE [e.g., Gast et al., 1964; Allègre, 1968; Tatsumoto, 1978] ; (4) Pb compared to MORB [e.g., Allègre et al., 1983; Zindler et al., 1982; Zindler and Hart, 1986; Hofmann, 2003; Stracke et al., 2005 and references therein] ; and (5) observed abundances of incompatible elements that are too enriched to be accounted for by conventional melting of an undifferentiated source without requiring unrealistically small degrees of partial melting (e.g., F 1%) [Hofmann and White, 1982; Hofmann, 1988; Sun and McDonough, 1989 ].
[13] Further, HIMU-type (e.g., St. Helena) and EMtype (e.g., Gough Island) OIB exhibit a number of robust compositional similarities [Willbold and Stracke, 2006] , including enrichments in light rare earth element (LREE) abundances relative to average chondritic meteorites (CI) and the BSE; depletions in heavy rare earth elements relative to LREE concentrations; and comparable ratios of La/Th, Sr/ Nd and alkali-to-alkaline earth elements (e.g., Rb/K, Ba/K, etc.). These mutual geochemical attributes likely reflect similar source compositions and/or a common source component, most likely recycled oceanic lithosphere. However, a number of alternative models have also been postulated for the origin of OIB, including (1) linear mixing of four endmember components in the deep mantle [e.g., Hart, 1988] ; (2) partial or complete melting of deep, metasomatized portions of oceanic peridotite [Niu and O'Hara, 2003] Stracke et al. [2003] . The degree of heterogeneity observed in the radiogenic isotopic compositions of global OIB has historically been interpreted to represent mixing between a finite number of mantle components, including HIMU-(where m ¼ ( 238 U/ 204 Pb) t¼0 ) and EM-type ''end-members'' [e.g., White, 1985; Zindler and Hart, 1986] . Volcanics derived from EM-type sources are often categorized into EMI-and EMII-type lavas (as shown above), though this division is rather arbitrary and unsupported by trace element systematics [Willbold and Stracke, 2006] . published works, and by extension single analytical methods, are presented here in an attempt to minimize interlaboratory biases ; the data and their respective references are provided in the supporting information. Of particular relevance to the cumulative data set compiled here are the abundances of K, U, and Th, as these three elements are primarily responsible for the planet's radiogenic heat budget. Thorium abundances in each local suite of OIB, including the individual volcanic centers that constitute the Austral-Cook ocean island chain, are negatively correlated with MgO ( Figures 2 and 3 ). The systematic variations in Th concentrations as a function of MgO likely represent the effects of variable degrees of fractional crystallization and/or olivine accumulation of the near-primary parental melt, although the role of different degrees of partial melting from the same (albeit heterogeneous) source cannot be discounted.
Cook-Austral Islands
[15] Bivariate linear regression trend lines (i.e., those that take into account uncertainties in both the x and y axes) plotting Th versus MgO abundances for lavas derived from the different volcanic centers in the Austral-Cook island chain, regardless of the age of eruption, have similar slopes and span a narrow range in y intercepts, indicating the progressive crystallization of a similar assemblage of minerals during the genesis of these rocks. Accordingly, samples with low MgO contents likely represent melts that have experienced subtraction of olivine 6 clinopyroxene (6 oxide) relative to the parental melt, whereas samples with high MgO contents have accumulated early-crystallizing phases, similar to the olivine subtraction/ addition trends identified in Hawaiian Figure 2. Thorium abundances (in mg/g) and MgO contents (in wt %) of the Cook-Austral lavas analyzed here. Thorium represents the most highly incompatible element that is neither fluid-mobile nor sensitive to redox conditions, and MgO acts as a proxy to fractional crystallization. Whether considering each volcanic center individually or evaluating the CookAustral data set as a whole, negative trends between Th and MgO are preserved and show similar bivariate linear regression statistics (Table 4 ). The age of each volcanic center has no significant influence on the regression statistics. Bivariate linear regression trend lines are provided for each volcanic center and follow the same color scheme provided in the key. Statistical scatter observed in low-MgO samples (particularly Rarotonga lavas) may represent: (1) contamination and/or assimilation of small quantities of pelagic sediment; (2) late crystallization of a phase in which Th is compatible; or (3) instability of a Th-rich phase at low MgO. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.] picrites [e.g., Ireland et al., 2009] . In order to determine the composition of the parental melts more precisely from each volcanic center, we do not attempt to determine the exact fractionation path for each volcanic center, but rather correct the composition of each individual lava with 7. [Nisbet and Pierce, 1977] in constant (but not necessarily equal) proportions in order to reproduce the slope of the CaO/Al 2 O 3 versus MgO plot for each volcanic center (see supporting information). Of note, the parental melt compositions derived from each volcanic center and the average parental . Samples with lower MgO contents than their respective parental melts likely represent lavas that have experienced subtraction of olivine 6 clinopyroxene (6 oxide), whereas samples with higher MgO contents have accumulated early-crystallizing phases. Note the different scales on the ordinate axis of each plot; samples derived from Hawaii, Galapagos, and Iceland exhibit significantly lower Th abundances than HIMU-and EM-type lavas. The bivariate linear regression statistics for each OIB suite are provided in Table 4 . The sources for the published data plotted above are as follows: Heard/Kerguelen [Barling et al., 1994] ; Tristan da Cunha and Gough [Willbold and Stracke, 2006] ; Pitcairn [Caroff et al., 1993] ; Marquesas [Caroff et al., 1999] ; Azores [Beier et al., 2007] ; Society [Hemond et al., 1994] melt composition of all Austral-Cook lavas considered collectively give statistically indistinguishable results (Table 2) .
[16] The parental melt composition derived from the Cook-Austral source contains 18.4 6 0.4 (2 m ) wt % MgO (Tables 2 and 3) , which is in agreement with the average ''reference'' near-primary composition of the Cook-Austral islands (18.6 6 1.1 wt % MgO) proposed by Dasgupta et al. [2010] based on an independent evaluation of a compiled data set (Figure 4 ). According to Th versus MgO bivariate linear regression statistics provided in Table 4 Figure  3 ). Lavas from other OIB localities, such as Hawaii, Galapagos, and Iceland, also show negative linear correlations between Th and MgO, albeit with shallower slopes than samples derived from localities that define the isotopic end-members in Figure 1 . Further, these non-end-member lavas are significantly less enriched in Th compared to samples from HIMU-and EM-type volcanic chains, which are comparably enriched in Th in primitive lavas with 15-20 wt % MgO. This discrepancy in the absolute abundances of Th in lavas derived from Hawaii, Galapagos, and Iceland compared with those from end-membertype localities may reflect either (1) gross differences in degrees of melting ; (2) distinct source lithologies (i.e., peridotite versus pyroxenite, which are discussed below) ; (3) incorporation of a mantle component with a distinct but non-endmember isotopic signature (i.e., the Focal Zone, ''FOZO,'' or Common Component, ''C'') [e.g., Hart, 1988 ; Hanan and Graham, 1996 ; Stracke et al., 2005] ; (4) a greater fraction of depleted upper mantle materials that have been entrained/ assimilated during ascent and emplacement of Only lavas with 7.5 wt % MgO content 16 wt % were considered for these calculations. Hawaii, Galapagos, and Iceland lavas ; or (5) some combination of these. The distinct slope for each Th versus MgO trend line, regardless of absolute enrichment, indicates the fractionation of different proportions and/or compositions of early-crystallizing phases (namely, olivine 6 clinopyroxene 6 oxide).
[18] For the purpose of our model, we have determined the parental melt composition from the lavas from each hotspot locality considered here (Table 3) . Without exception, the parental melts from each end-member-type locality (i.e., HIMU and EM sources) center around 17-19 wt % MgO. Conversely, lavas from Hawaii, Iceland, and Galapagos have parental melt compositions between 15 and 17 wt % MgO, similar to previous studies of near-primary melts derived from Hawaii [Norman and Garcia, 1999; Ireland et al., 2009] . A comparison of the MgO contents of our model parental melt compositions relative to the ''reference'' near-primary compositions determined by Dasgupta et al.
[2010] is provided in Figure 4 .
[19] The best fit linear regression of Th versus MgO for the Tristan da Cunha lavas indicates that either the crystallizing assemblage of minerals in these samples changed (i.e., a cotectic point was reached) as the lavas approached $10 wt % MgO, or the parental melt of these samples must have had a lower MgO content (i.e., 14 wt %) than the lavas from the other localities considered here; the lack of high MgO samples from Tristan da Cunha (only one sample with >10 wt % MgO) makes extrapolation to the parental melt composition tenuous, and therefore, this locality is not considered in the OIB source model presented here.
[20] Using the bivariate linear regression statistics provided in Table 4 , we infer the abundances of Th in the parental melts of the various OIB localities explored here. The results of these calculations, which are also provided in Table 4 , serve to illustrate that the parental melts of all end-member-type localities share similar enrichments in Th. All near-primary melt model compositions derived from the end-member-type localities considered here, with the exception of Tristan da Cunha which is discussed above, contain 1.0-4.4 mg/g Th, with an average composition of 2.1 6 0.3 (2 m ; n ¼ 9 localities) mg/g Th. Alternatively, the near-primary model compositions of lavas derived from Hawaii, Galapagos, and Iceland contain only 0.04-0.62 mg/g Th, with an average composition of 0.39 6 0.16 (2 m ; n ¼ 4) mg/g Th that is more than five times lower than the mean composition of the end-member-type parental melts.
Determining OIB Source Compositions Via Inverse Modeling
[21] We can estimate the incompatible element budget of the Cook-Austral source region, as well as the sources of the other OIB localities considered here, by inverse modeling following a simplified model of partial melting. Generally, MORB are thought to form by large degrees of melting (i.e., F % 8-15%) [e.g., Klein and Langmuir, 1987; McKenzie and Bickle, 1988; Niu, 1997; Salters and Stracke, 2004] . In comparison, intraplate alkali basalts, such as the OIB samples analyzed here, reflect lower degrees of partial melting, as inferred from elevated incompatible element abundances [e.g., Hofmann, 1988; Sun and McDonough, 1989] T value from independent two-sample t test of two distributions with different sample sizes but equal variance; T value < Johnson et al., 1990; Spiegelman and Kenyon, 1992] ; consequently, we adapt a simplified model of accumulated fractional melting [Shaw, 1970] , whereby the composition of the OSRs with respect to element i (i.e.,C OSR i ) may be defined by only three variables (assuming modal melting): the composition of the near-primary parental melt with respect to element i (C 
[22] This oversimplification allows us to estimate the source composition by defining only one intensive property (i.e., D sol=liq i ), one extensive property (C OIB i ), and a single unknown variable (F). However, a number of fundamental assumptions are required for the inversion calculations employed here to apply to OIB source melting:
(1) Melting occurs as imperfect fractional melting of an invariant proportion of minerals constituting the source lithology, thereby allowing for the application of modal accumulated partial melting equations [Shaw, 1970] ; (2) The bulk partition coefficients of the elements involved (i.e., D Th sol/liq ) are constant and well constrained during melting; (3) Lavas from each OIB locality are cogenetic (derived from a common source region); (4) The degree of heterogeneity of the investigated mantle sources is adequately reflected in the OIB sample suites analyzed here [Stracke and Bourdon, 2009] .
[23] Further, because there is no well-defined method for estimating a representative or average degree of melting of an OSR without assuming a source lithology/composition, absolute abundance of trace elements in the mantle source, or constancy of source ratios of incompatible elements, we are forced to account for a range of F values.
[24] As mentioned earlier, the degrees of melting represented by alkali OIB are generally believed to be less than the 8-15% melting that produces tholeiitic MORB [Klein and Langmuir, 1987; Bickle, 1988, Niu, 1997] . Petrogenetic models of melting/crystallization relations [Gast, 1968; Sun and Hanson, 1975] , compositional variations observed in mantle peridotites [Frey et al., 1978] and OIB [Sims et al., 1999; Putirka, 2008] , and anhydrous peridotite melting experiments [Jaques and Green, 1980] suggest that alkali basalts are derived from 10% partial melting of their respective sources. This has been corroborated by multiple studies of Hawaiian alkali basalts, which have been estimated to reflect between 3 and 12% accumulated incremental melting according to: major element lava compositions and peridotite melting experiments [Chen, 1988] ; trace element systematics in lavas [Norman and Garcia, 1999; Feigenson et al., 2003; Maalïe and Pedersen, 2003 ] and olivine-hosted melt inclusions [Norman et al., 2002] ; dynamic melting models that incorporate phase-equilibria constraints and variable partition coefficients [Eggins, 1992] ; and numerical modeling of the Hawaiian swell [Watson and McKenzie, 1991] .
[25] We assume 5-10% melting of the OIB sources considered here based on the constraints listed above, as well as trace element modeling of Th/Nd and U/Sm systematics following the protocols established by Treuil and Joron [1975] , Minster and Allègre [1978] , and Maalïe and Pederson [2003] ; these trace element models, which can be found in the supporting information, not only serve to illustrate the difficulty in establishing degrees of partial melting but also verify that our 5-10% melting model is consistent with trace element trends observed and extrapolated in the samples analyzed here. We then inversely model the composition of the source of each OIB locality based on the model parental melt compositions determined in Table 4 and a bulk partition coefficient of D sol/liq (Th) ¼ 0.003 6 0.001 (2 m ) derived from experimental melting experiments of garnet peridotite between 1.0 and 3.4 GPa [Salters and Longhi, 1999; Salters et al., 2002; Salters and Stracke, 2004] .
[26] In order to consider the impact of a pyroxenetic source lithology, we can derive a bulk partition coefficient of D sol/liq (Th) ¼ 0.005 6 0.002 (2 m ) based on melting experiments of MORBlike pyroxenite and eclogite at 2.9-3.1 GPa [Klemme et al., 2002; Pertermann et al., 2004] (see supporting information). This exercise yields a minor deviation from our baseline that trivially affects our inverse source model and corroborates other studies that have shown that the bulk partitioning behavior of Th (and U) does not vary significantly between peridotitic and pyroxenitic sources [e.g., Stracke et al., 2006; Prytulak and Elliott, 2009; Koornneef et al., 2012]. However, pyroxentic source components have been shown to melt with a much higher production rate and at greater pressures/depths than ambient mantle peridotite [Yaxley, 2000; Hirschmann et al., 2003; Pertermann and Hirschmann, 2003 ]. Thus, 5-10% partial melting of the OIB sources considered here may actually be an underestimation of the true degree of melting experienced by each volcanic center, should pyroxenitic components play a significant role in the source lithologies of our OIB sample suites. As a result, our baseline model may actually represent a lower bound on the enrichment of the investigated OIB sources.
Implications and Discussion

Minimum Enrichment of OIB Sources, as Observed in HIMU-and EM-Type Lavas
[27] Despite uncertainties in the exact mineralogy/ petrology of the sources of the lavas analyzed here, our model constrains the relative enrichment of end-member-type OIB sources; this is accomplished by assuming a peridotitic source lithology and a suitable range of degrees of melting required to produce the near-primary parental melt compositions determined here. Moreover, the estimated OIB source concentrations derived here represent average source compositions; the degree of heterogeneity of the investigated OSR that is reflected in the lavas analyzed here is dependent on the effectiveness of melt mixing during melting and melt extraction as well as source and melting-induced compositional variability. Individual components in these heterogeneous OIB sources may be more or less enriched than the average composition estimated here. For example, if OIB lavas originate from mantle plumes that entrain significant amounts of depleted upper mantle materials upon ascent and emplacement, as has been suggested by experimental and numerical simulations [e.g., Griffiths and Campbell, 1990; Neavel and Johnson, 1991; van Keken, 1997; Davaille, 1999; Kumagai, 2002; Lin and van Keken, 2006] , then our modeled average OIB source compositions certainly represents only a lower bound on the enrichment (and thus an upper limit on the volume) of this reservoir.
[28] According to the parental melt compositions modeled in Table 4 and following 5-10% accumulated fractional melting of the sources of these magmas, we estimate that the sources of these OIB endmember lavas contain between 70 and 330 ng/g Th, with a mean composition of 160 6 20 (2 m ) ng/g Th. The average model composition of the HIMUand EM-type OIB sources reconstructed here is coincidentally similar to that of global MORB, which are characterized by a representative composition of $240 ng/g Th (Table 5 ). The BSE quantitatively comprises the CC and mantle and contains 79 ng/g Th according to traditional geochemical models (Table 6) ; therefore, the enrichment of Th in the OSR defined here is twice that of the BSE, implying a source with a significant amount of recycled oceanic crust [Hofmann and White, 1982] .
[29] Conversely, the sources of the lavas from Hawaii, Iceland, and the Galapagos are modeled to contain between 3 and 47 ng/g Th, significantly more depleted in highly incompatible elements than the BSE and the sources of end-member-type OIB. In order to reconcile the compositions of the sources of Hawaii, Iceland, and the Galapagos with those of end-member-type OIB, the parental melts of the lavas analyzed here would need to represent !30% partial melting in the case of Hawaii, !40% for the Galapagos, and a numerically impossible solution (i.e., F > 100%) for Iceland. Thus, this discrepancy in model compositions likely reflects melting of distinct source components and/or the entrainment of a larger fraction of depleted mantle materials.
Size and Radiogenic Heat Production of the OSR
[30] The degree of enrichment of the OSR(s) has important implications for mass balance and the chemical structure of the modern mantle as well as the radiogenic heat budget of the planet. Temporarily ignoring evidence for an enriched, earlyformed, and/or unsampled mantle reservoir, as suggested by several geochemical studies [e.g., Rudnick et al., 2000; Boyet and Carlson, 2005; Tolstikhin and Hofmann, 2005] , we can simplify the modern mantle into two fundamental chemical units: the source of MORB (DMM); and a more enriched OSR. Regardless of the architecture of these two mantle components, whether they are preserved by a uniform or undulating thermochemical boundary layer [e.g., Kellogg et al., 1999; van der Hilst and K arason, 1999] , or enriched blobs [e.g., Becker et al., 1999] and/or streaks [e.g., Allègre and Turcotte, 1986; Morgan and Morgan, 1999] of OIB source material suspended in a matrix of DMM, mass balance (see equation (1)) dictates that the larger the mass of h Average K, Th, and U contents with propagated uncertainties of the enstatite BSE model of Javoy [1999] and the collisional erosion BSE model of O'Neill and Palme [2008] . Average Th and U contents and statistical uncertainties in the geophysical models of Schubert [1982, 2002] and Turcotte et al. [2001] .
the MORB source region, the smaller and more enriched the OSR must be ( Figure 5 ).
[31] Despite the large degree of a chemical variability observed in MORB derived from the Atlantic, Pacific, and Indian Ocean basins, the large quantity of accessible samples and abundance of data available publicly allow for a comprehensive evaluation of the composition of global MORB [e.g., Arevalo and McDonough, 2010; Jenner and O'Neill, 2012; Gale et al., 2013; White and Klein, 2013] , and thus the DMM through inverse modeling. Alternative models of DMM composition that can be found in the literature are also reported in Table 5 , including models based on the composition of lavas only with (La/Sm) N 1.0 (commonly deemed normal-type MORB, or N-MORB) [e.g., Hofmann, 1988; Sun and McDonough, 1989; Salters and Stracke, 2004] as well as those centered on the composition of abyssal peridotites, the residues of MORB source melting [Workman and Hart, 2005] .
[32] Similarly, as shown in Table 6 , there are multiple paradigms for the composition of the BSE.
Traditional geochemical models assume that the BSE follows CI chondritic relative proportions of refractory elements, with absolute abundances constrained by terrestrial samples [e.g., Jagoutz et al., 1979; Hofmann, 1988; Sun and McDonough, 1989; McDonough and Sun, 1995; Javoy, 1999; Palme and O'Neill, 2003; Lyubetskaya and Korenaga, 2007] . Alternative BSE models that rely on cosmochemical constraints include model compositions based on (1) enstatite chondrites, the only chondrite group with an O isotopic composition identical to the Earth [e.g., Javoy, 1999] and (2) Figure 5 . Relationship between the mass fraction and chemical enrichment of the OSR, which is dependent on the composition of the continental lithosphere (CL), source of MORB (or DMM) and the BSE following mass balance:
The different mass balance curves consider three different flavors of DMM and BSE compositions, as listed in Tables 5 and 6 , respectively. Curves that levy traditional geochemical models of the BSE are labeled as GEO and those that rely on cosmochemical and dynamical models are labeled as COS and DYN, respectively. The negative asymptotic trend lines (specifically COSþNMORB and COSþGMORB) indicate that these particular models require an OSR that is depleted in Th compared to the source of MORB in order to satisfy mass balance. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 6 . Interplay between the mass fraction of and radiogenic heat production within the OSR, which is dependent on the composition of the CL, DMM, and BSE, as described in Figure 5 . Reference lines for the continental crust (CC) [Rudnick and Gao, 2003] , DMM (based on the G-MORB model presented in Table 5 ), and BSE (based on the mean geochemical model presented in Table 6 ) are provided for comparison. The reference line for the total global heat loss (46 6 6 TW, 2) is determined by Jaupart et al. [2007] and includes heat flux contributions from secular cooling, the planet's core, tidal dissipation, and gravitational energy. The negative asymptotic trend lines (specifically COS þ NMORB and COS þ GMORB) again indicate that these particular models require an OSR that is depleted in Th, and by extension radiogenic heat production, compared to the source of MORB in order to satisfy mass balance. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] net collisional erosion of approximately 10% silicate relative to metal during the Earth's accretion, and thus varying degrees of depletion of elements in the BSE according to their geochemical incompatibility [O'Neill and Palme, 2008] . Dynamical models require a BSE that is significantly more enriched in radioactive elements in order to satisfy calculations of the energetics of mantle convection, observed surface heat loss, and parameterized models of thermal evolution [e.g., Schubert, 1982, 2002; Turcotte et al., 2001] .
[33] Despite the uncertainties introduced by these different models, we derive a range of prospective compositions/mass fractions of the OSR that satisfy the simple mass balance equation (equation (1)) described in section 1. As shown in Figure 5 , our preferred model calculations take into account a DMM composition derived from a global MORB model (see Table 5 ) and a BSE composition averaged from a selection of traditional geochemical models (see Table 6 ). Nd isotopes [e.g., Boyet and Carlson, 2005] , and rare gas systematics [e.g., Tolstikhin and Hofmann, 2005] , would not change the compositional OIB source model presented here; rather, a tertiary mantle reservoir (such as an early enriched reservoir, or EER) would implicate a smaller (by mass) OSR and a larger DMM, according to the relationship: Figure 7 . Schematic representation of plausible paradigms of mantle architecture, assuming only two distinct mantle source regions: the DMM and model OSR developed here. Regardless of whether the distinction between these two mantle reservoirs are preserved as a thermochemical stratification or blobs/blocks/streaks of OSR material suspended in a matrix of DMM, the preferred OIB source composition derived here indicates that the OSR represents approximately 19% of the mass of the modern mantle, and contributes some 10 pW /kg of radiogenic heat (equating to 7.4 TW) to the planet's total surface heat loss. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
where the mass and chemical enrichment of an EER with respect to element i are represented by M i EER and X i EER , respectively. For reference, M BSE and M CC are determined by Yoder [1995] , X i CL is derived by Rudnick and Gao [2003] , X i BSE and X i DMM are defined in Tables 5 and 6 , and M OSR X i OSR is modeled here.
[34] The model calculations and uncertainties presented here take into account errors in the bivariate linear regression statistics in the Th versus MgO trends shown in Figures 2 and 3; these errors have been propagated into our estimated OIB parental melt and source compositions (see Table 4 ). Our preferred model also relies on a traditional geochemical model for the composition of the BSE with 79 6 8 (2) ng/g Th (see Table 6 ), an estimated 24 6 1 ng/g Th (2 m ) in the DMM (see Table 5 ), and 5600 6 1700 ng/g (2) Th in the CC [Rudnick and Gao, 2003 ].
[35] Regardless of whether or not the mantle is stratified, the OIB source compositions determined here have implications for the planet's radiogenic heat budget. As shown in Figures 6 and 7, our preferred model indicates that the rate of radiogenic heat produced within the OSR is on the order of 10 pW /kg, equating to some 7.3 TW of radiogenic heat produced in this mantle reservoir, assuming C OSR (Th)/C OSR (U) % 4.0 and C OSR (K)/C OSR (U) % 10,400 (average Th/U and K/U of lavas examined here, respectively). According to the traditional geochemical models reviewed here, 20.4 TW of radiogenic heat is produced by the BSE; therefore, approximately 5.9 TW of heat must be produced by the DMM, following mass balance and subtracting the 7.3 TW of radiogenic heat produced by the OIB source proposed here and the 7.2 TW of heat generated within the CL [Rudnick and Gao, 2003 ].
Conclusions
[36] Lavas from HIMU-type Cook-Austral and St. Helena islands, and EM-type Heard, Gough and Pitcairn Islands, Marquesas, Azores, Society and Samoa islands, all share similar parental melt compositions between 17 and 19 wt % MgO and averaging 2.1 6 0.3 (2 m ) mg/g Th. Assuming the parental melts of the lavas examined here represent 5-10% partial melting of a peridotite, our model calculations suggest that these OIB are derived from a hotspot source region with an average of 160 6 20 (2 m ) ng/g Th. The model OIB source composition determined here may represent a lower limit on the chemical enrichment and an upper limit on the mass fraction of the investigated end-member-type OIB sources, as we have assumed: melting of a dominantly peridotitic source lithology, and thus a lower production rate compared to melting of pyroxenite; and negligible dilution from the entrainment of depleted upper mantle materials during the ascent and emplacement of the lavas analyzed here. The potential for a tertiary ''hidden'' or unsampled mantle reservoir would only impact the relative mass fractions of the OSR and DMM and not the compositional model of the OSR presented here.
[37] Our calculations indicate that the mantle reservoir that serves as the source of the investigated end-member-type OIB must: (1) constitute some 19 þ3 À2 (2 m )% of the mantle by mass, equating to a potential thermochemical layering with an average depth of 2000 6 100 (2 m ) km (assuming an incompressible mantle) or two thermochemical piles that extend up to midmantle depths; and (2) contribute some 7.3 TW of radiogenic heat to the planet's total surface heat loss. Taking into account the 7.2 TW of radiogenic heat produced within the CL, the remaining 5.9 TW (equal to <2 pW /kg) of heat produced within the BSE must be supplied by the DMM. Thus, the hotspot source region that generates end-member OIB produces >5 times more radiogenic heat than the source of mid-ocean ridge volcanism, providing basal heating to the mantle, contributing to the energetics that drive mantle convection, and potentially supporting the formation of long-lived mantle plumes.
